With only a small fraction of the exposure of more recent and larger experiments, the Fly's Eye detector recorded the most energetic cosmic ray event ever observed. At an energy of 320 EeV, it lays far beyond the suppression of the ultra-high energy cosmic ray (UHECR) energy spectrum. If its energy is indeed well determined, as the data strongly suggests, then it remains either a great mystery or an unbelievable stroke of luck, given that subsequent observatories with up to 60 times more exposure, have never observed a remotely comparable event. At energies as high as those of the Fly's Eye event, the Universe is very opaque to electromagnetic interacting particles, whether photons, protons or heavy nuclei, and therefore its source must be relatively close. Using numerical simulations for the propagations of protons and nuclei, we reexamine the problem of its origin by testing different hypothesis about the nature and location of the source as well as the injection spectrum. Thus, we show that the most feasible scenario is a nearby (∼ 2 − 3 Mpc) bursting source which injected into the intergalactic medium a heavy composition with a hard spectrum (γ ≤ 1.5) and cut-off energy between the 300 EeV and 1000 EeV. Such a scenario produces a natural observation scale at around 300 EeV which maximizes at ∼ 15% the probability of simultaneously verifying the observation of one event by Fly's Eye, while obtaining a null result from Telescope array for the same portion of the sky.
Introduction
On October 15, 1991, the Fly's Eye experiment in Utah recorded the most energetic cosmic-ray ever observed. The so called Fly's Eye event has a very well determined energy of 320
+92
−94 EeV with a clean fluorescence profile [1] making it hardly contestable. Such an energy puts it far beyond the GZK cut-off. Indeed protons with energies this high cannot travel more than few tens of Mpc due to photo-pion production interaction with the CMB [2, 3] . A heavier nuclei, on the other hand, is effectively absorbed on an even shorter distance due to photo-disintegration [4] . Moreover, no other event of such energy has been detected since, even by subsequent larger and more sensitive detectors (e.g., HiRes, Pierre Auger Observatory or Telescope Array).
The nature of this Extremely High Energy Cosmic-Ray (EHECR) is not well determined. The first study of the event [1] was not able to determine the exact nature of the primary. More recent studies [5, 6] recomputed the depth of the shower maximum X max and the longitudinal profile of the event, and have been equally inconclusive. The primary cosmic ray can be either a proton or a heavier nuclei (C, Fe). In fact, even a photon event cannot be completely ruled-out at more than two sigmas.
The arrival direction of the Fly's Eye event instead is reasonably well determined [ lination: 48
• ± 6
• , galactic latitude: 9.6
• , galactic longitude: 163.4
• , 1]. On the other hand, the location of the source on the sky is very poorly constrained, due to the deflections of the particle by the intergalactic magnetic fields which are not well determined ( [7] ) and references there in). Following the probability of absorption of a cosmic ray, it has been demonstrated that the source can not be further away than few Mpc for heavy nuclei and 100 of Mpc for protons [8, 9] , or even less, just few tens of Mpc at 95% CL, following our own calculations (see below). Furthermore, unless the event was a statistical fluke and travelled from source to detector without interacting with the photon background, the primary particle responsible for the observed shower must have exited the source at an even higher energy, increasing the puzzle of its observation with no counterpart on far larger exposure detectors. Moreover, no obvious source is apparent in that general direction of the sky in other high energy channels, e.g., X-rays, gamma-rays or neutrinos, which could be plausibly associated with the Fly's Eye event. Radio galaxies, which are promising candidates to produce such EHECR, are not closer than 100 Mpc; and are thus unlikely candidates. Nonetheless, several candidates have been discussed in the literature. Quasars and AGNs were suggested as a potential source [8, 10] . Gamma-rays burst observed by BATSE near the location of the event have also been noted [11] . A more recent study [12] has backtracked the particle for a specific realization of the Galactic and extragalactic magnetic field, proposing cataclysmic events (like the birth of a millisecond pulsar or magnetar flare) in galaxies UGC04874 or UGC03394 as possible candidates for a C, N, O or Fe type cosmic-ray.
As far as its nature and origin remain unknown, this event is particularly challenging for physics, even almost 3 decades after its observation. The fact that the Fly's Eye event is the only one of its kind is particularly puzzling. Fly's Eye had an exposure of only 820 km 2 .yr.sr [13] while HiRes had an exposure of ∼ 5000 km 2 .yr.sr [14, 15] , Telescope Array 8300 km 2 .yr.sr and Pierre Auger Observatory 51588 km 2 .yr.sr [16] . Even taking into account that the Southern and Northern UHECR skys may be different, as indeed Pierre Auger Observatory and Telescope Array data seem to suggest [17] , rendering the source invisible for the Pierre Auger Observatory the problem still persists for HiRes and Telescope Array which are at the same location as Fly's Eye and have not seen such high energy events. Also puzzling is the fact that Fly's Eye never observed a single event at 100 EeV despite the detection at 320 EeV.
That said, we have not been able to find in the literature any strong argument against the physical reality of the event. Therefore, we reanalyze the implications of this event in the context of the scenario that has been developing during the last years as a result of the measurements from the two largest experiments available today: Pierre Auger Observatory and Telescope Array .
In section 2, we explore with the aid of a simple model the likelihood of the Fly's Eye event and the simultaneous null Telescope Array result, assuming that the true UHECR background spectrum is well described by Telescope Array. We extend this analysis by adding a secondary component and check the impact of the normalization and the hardness of the spectrum on the before mentioned probability. In section 3 and 4, we use numerical simulations analyze the propagation iron nuclei and protons on the observation of this secondary component and use that information to propose a most plausible scenario. Finally, we conclude in section 5.
Exploratory model
Some preliminary insight into the problem can be gained by using a simple model, in which the effects of propagation are neglected. Figure 1 shows the number of events as function of energy actually observed by the Pierre Auger Observatory (red stars) [16] , Telescope Array (blue dots) [18] and Fly's Eye (green squares) [13] .
Consider the all-sky spectrum as measured by Telescope Array [19] :
where E ankle = 5.2 ± 0.2 EeV, E break = 60 ± 7 EeV, γ 1 = 3.226 ± 0.007, γ 2 = 2.66 ± 0.02 and γ 3 = 4.7 ± 0.6. Assuming that to a considerable degree Telescope Array and Fly's Eye see the same sky and that the energy spectrum is well described by Telescope Array using the previous equations, we compute on figure 1 (dashed Eye in orange) normalizing by their respective exposures. It can be seen that, under the assumption that this is the only component present on the UHECR flux and that it can be extrapolated with the same power law index, the probability of detecting a single particle, P(1) ∼ 5 × 10 −3 , i.e., the Fly's Eye event is beyond expectations by a factor of 10 2 . Moreover, Telescope Array , with an order of magnitude more exposure in the same spectral region, has not detected a single event at such a high energy so far. These facts highlight the strangeness of the Fly's Eye event, seeming to point towards a statistical fluke. One can envision at least two kinds of outliers: either a particle that traveled from a distant source several mean free paths without or with few interactions with the background photons, or a nearby source that is responsible for increasing the probability of Fly's Eye seeing an event while simultaneously allowing a not so low probability of Telescope Array not seeing a counterpart.
The first scenario can never be completely ruled out. Nevertheless, figure 2 shows that for protons the mean free path increases rapidly with decreasing energy, and it is therefore difficult to understand how, for a given distance to the source, particles of smaller energy were not detected. In the case of a primary Fe nuclei, on the other hand, the mean free path is so small that the source cannot be far away; indeed, it should be probably either inside or in the neighborhood of the Local Group. Furthermore, figure 4 .a indicates that independent of the injection energy, the leading fragment will be degraded in energy below the Fly's Eye event energy range after just a few Mpc of propagation.
The second scenario, involves a nearby source. Such a source should be transient, probably bursting, such that its activity in other messengers, like high energy X-ray or γ-ray photons, subsided to undetectability long ago and only charged particles are arriving at present, delayed by deflection in the intervening In order to roughly model the latter scenario, we introduce a second, harder component which would correspond to the spectrum of this rather local source inside the region of the sky common to the field of view of both experiments, Fly's Eye and Telescope Array. This secondary component is a power law which extends to extremely high energy:
The normalization of this secondary component is done in such a way that it does not violate Telescope Array observations, namely, the condition that J T A + J EE does not exceed the flux inferred by Telescope Array at 10 20 eV. Thus, we impose J EE /J T A (log E = 20) ≤ 0.5. The dotted lines in figure  1 show the number of expected events for Fly's Eye due to this secondary component for different hardness of the spectrum: γ EE = 1, 1.5, 2, 2.3, 2.66. The red dotted line is the corresponding component, normalized to Telescope Array for the case γ EE = 1. The combined contributions of both components are plotted using solid lines.
From each predicted number of events, we can estimate the Poissonian probability of Telescope Array detecting zero events (P T A (0)) and of Fly's Eye detecting one and only one event (P FE (1)). Considering that this two measurements are independent, the probability of reproducing the combined observations is the product of both probabilities (P T A (0) × P FE (1) ). This probability is shown for each value of γ EE on figure 3. Two cases are considered: (1) Fly's Eye and Telescope Array see both the regular diffuse Northern UHECR spectrum (Telescope Array's observed spectrum) and the secondary component (solid lines), (2) only Fly's Eye has seen the secondary component (dashed lines). The latter case, which maximizes the combined probability, is shown only as a control scenario since it is not realistic: even for a burst-like emission at the source, the dispersion in the arrival times due to deflection by magnetic fields is far larger than the few years separating both experiments. Figure 3 shows that, without a secondary component, the probability has a single strong peak at 10 20 eV. However, for a hard enough secondary spectrum (1 ≤ γ EE < 1.5) the probability flattens at energies above 10 20 eV. Therefore, a hard secondary component seems to be a necessary element to push the probability of the simultaneous results of both experiments to a plausible level. Furthermore, the probability involved is small but not negligible. This simple model does not include the propagation of the particles between the source and the observer, and therefore its conclusions are mainly qualitative. In what follows we explore a more detailed model including the effects of propagation.
Fly's Eye event as an iron nuclei
The important effects of propagation, depend strongly on the type of primary particle injected. The composition of cosmic rays at the highest energies is an open question. Above 10 EeV, the Pierre Auger Observatory claims a decrease in the elongation rate accompanied by a decrease in its shower-to-shower fluctuations. Both effects suggest a gradual increase in mean baryon number up to A ∼ 14 − 20 at E ∼ 30 EeV. What is the composition at still higher energies is anybody's guess. Although initial Telescope Array data seemed to favor a lighter, even pure proton composition [20] , the Auger-TA joint working group concluded that both measurements are compatible within experimental uncertainties at all energies [21, 22] .
Thus, we will consider here an extreme case in which the Fly's Eye event was emitted as an iron ( 56 Fe) nucleus and lost energy and nucleons through photo-disintegration while on flight.
Using CRPropa 3 [23] in 1D mode, we propagated 10 5 iron nuclei for each source energy without taking into account cosmological effects. Photo-disintegration is computed both Figure 4 : Evolution of the energy (a) (top) and mass number (b) (bottom) of nuclei due to photo-disintegration considering primary iron nuclei injected at the source at energies of 250 EeV (mauve), 320 EeV (blue), 500 EeV (yellow) and 800 EeV (red) versus traveled comoving distance (D travel = c · t where t is the comoving time). The median values are plotted in solid lines, while 68% and 95% confidence level are plotted respectively in dark and light color shaded areas. Isolines show where the particle reaches 100 (dots), 226 (lower limit of the Fly's Eye event, dots-dashes) and 320 (dashes) EeV.
on Cosmological Microwave Background and Infra-Red Background photons (model from ref. [24] ). On Figures 4.a and 4 .b the evolution of the energy and mass number of the leading particle versus traveled distance, are shown for Fe injected at 250 EeV (purple), 320 EeV (blue), 500 EeV (yellow) and 800 EeV (red), while loosing nucleons through photo-disintegration. The 68% and 95% confidence level are also shown to highlight fluctuations. Figure 4 .b also show the iso-energy lines at 100 , 226 (lower limit of the Fly's Eye event), 320 and 442 EeV (upper limit of the Fly's Eye event).
A first thing to note from figure 4.a is that independently of the injection energy, the leading particle loses energy rapidly as a function of distance. Thus, given the inferred energy uncertainty range for the Fly's Eye event, as long as the injection energy is larger than the measured value at Earth, the source cannot be much farther away than 5 Mpc, even after taking into account fluctuations. Furthermore, the median behavior favors a source at around 2 Mpc or less. Figure 4 .b, on the other hand, shows the evolution of the composition for 56 Fe at injection. Iron nuclei injected with energy at or below 320 EeV can travel few tens of Mpc without reducing its mass number below 14 N. Nevertheless, for injection above 320 EeV, the mass of the leading particle rapidly degraded in less than 10 Mpc and, taking into account fluctuations, the mass of a single arriving particle correlates poorly with injection energy. Furthermore, the iso-energy lines of the arriving particles indicate that there is a pile-up, setting a most probable distance to the source of the Fly's Eye event of few Mpc; no farther away than 5 Mpc and, more likely, around 2 Mpc.
In order to frame this result in a more quantitative way and emphasize its impact, we run a new set of simulations with CRPropa 3 [23] . This time we used a 3D mode without and with a magnetic field of 1 nG intensity and 1 Mpc coherence length. This range covers the extreme values that we can expect for the Extragalactic Magnetic Field. The Galactic magnetic field was neglected because, at this energy, it barely deflects a particle, even more so for the case of the Fly's Eye which is almost located towards the anti-galactic center direction. In order to reduce computation time and increase the number of observed events, we placed the source emitting isotropically at the center of a sphere of radius equal to its distance. All the events reaching the sphere were recorded. The simulation is repeated for 2 × 10 5 Iron nuclei drawn from a power-law injection spectrum between 10 19 eV and 10 22 eV. One simulation was performed for every set of parameters of distance, power-law index and magnetic field (0 or 1 nG). Figure 5 .a and 5.b show the predicted number of events at the detector, using Eq. 1 for both Telescope Array (blue dotted dashed line) and Fly's Eye (green dotted dashed line) with the appropriate normalization due to their different exposures. As in Sec. 2, a secondary power law component is included, corresponding to the injected spectrum of Fe at the fiducial bursting source. We consider a source located at 2 Mpc, as suggested by the previous calculations, and study three spectra with different hardness: dN/dE ∝ E −γ EE , with γ EE = 1, 1.5 and 2 (solid, dotted and broken lines) and a cut-off energy of 10 21 eV. The expected number of events coming from this component alone is given by the curves in cyan. The simulated spectrum is scaled so that the total number of events expected for Telescope Array including the simulated hard component at 10 20 eV is equal to one event. The combined contributions of the simulated source spectrum and the Telescope Array (background) spectrum is given by the orange lines. As a matter of comparison, the data points of Pierre Auger Observatory, Telescope Array and Fly's Eye are also indicated. The results presented in Figures 5 do not include magnetic field, but the inclusion of a 1 nG intergalactic magnetic field produces a negligible difference.
We can see in 5.a that, as predicted by the propagation results in figure 4 , the events pill-up at the exact energy range of the Fly's Eye event (320 EeV). Moreover injecting a very hard spectrum (γ EE = 1) creates a specific pattern where there is a valley at 100 EeV and a peak at 320 EeV which is consistent with the result of Fly's Eye. Using the results of this simulations we can recompute the Poissonian probability P T A (0) × P FE (1) as a function of energy, as we did on figure 3 for each value γ EE of the spectral index. The results are plotted on figure 5.b. We can see that a second peak appears at log E = 20.5. If Telescope Array and Fly's Eye see the same sky, then the probability of simultaneously reproducing the observation of one 320 EeV by Fly's Eye, while simultaneously satisfying the non observation of any event by Telescope Array at the same energy is ∼ 15% for a very hard spectrum, γ EE = 1, and ∼ 6% for γ EE = 1.5, or ∼ 3% for γ EE = 2. Therefore, we see that if particles escape from the source with a hard spectrum the outcome, Fly's Eye observation plus Telescope Array non-observation, is not as unlikely as it intuitively seems at first.
It must be noted that the injection of hard spectra at the source is not unreasonable. In fact, a combined spectrum and composition fit with 5 nuclear species performed by the Auger Collaboration [25] , favors low spectral indexes γ 1. This may seem in contradiction with the expectations from the most plausible acceleration mechanisms, e.g., 1st order Fermi acceleration which predicts power-laws with γ acc 2. But there is no contradiction if the distinction is made between the acceleration spectrum and spectrum of the particles that are actually able to escape from the source into the intergalactic medium. In fact, photo-disintegration in the surroundings of UHECR sources has been shown to harden the spectrum to values of the spectral index as small as γ esc ∼ 1 [26] , while acceleration models involving Gamma-Ray Bursts (GRBs), unipolar inductors, magnetic reconnection, and tidal disruption events have been suggested as producing hard spectra with 0 ≤ γ acc ≤ 1.5 [e.g. 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38] .
Hence, the previous result strongly argues for a Northern sky source of heavy nuclei, injecting a hard spectrum (either due to acceleration or escape mechanisms) located at ∼ 2 − 3 Mpc, as a plausible explanation for the Fly's Eye event combined with Telescope Array null result at the same energy. Such a potent source in the immediate neighborhood of the Local Group must be transient, and far enough in the past as to be unobservable in high energy photons at present. Therefore, stellar mass range candidates, e.g. GRB, are favored.
In this scenario, the source of the Fly's Eye event could be just the same type of source responsible for the general UHECR flux seen in both hemispheres, but this particular one just happened to burst nearby and in a position of the sky where only a Northern instrument could see it. Therefore, the existence of such source would not challenge the current interpretation of observations either by Telescope Array or Pierre Auger Observatory: other sources of the same population would be just far away and reproduce collectively a spectrum with the suppression and other spectral features consistent with observations by both modern experiments.
A preliminary search for potential sources in the vicinity of the event did not produce any galaxy that could host such event.
The closest galaxy at less than 15
• form the Fly's Eye event location is PGC 019156, which is located at 13 Mpc. Too far according to our analysis. Galaxies in the Local Group at less Figure 6 : Evolution of the energy due to photo-pion production interactions of protons with initial energies of 100 EeV (mauve), 320 EeV (blue), 500 EeV (yellow) and 800 EeV (red) versus the traveled cosmological distance (D travel = c · t where t is the cosmological time). Median values are given in solid lines, while 68% and 95% C.L. areas for each injected energy are plotted respectively in dark and light colors. than 5 Mpc are at least 25
• from the Fly's Eye event. The absence of obvious candidate hosts for the source may be a hint to an either deeper physical process or a poor knowledge of the magnetic field inside the Local Group. A detailed study about this latter possibility is in progress.
Fly's Eye event as a proton
Protons don't seem to be favored at present as a major component of the UHECR flux at the highest energies. Nevertheless, they cannot be ruled out as part of the flux coming from some specific source mechanism. In any case, they indeed must be present at least as fragments of photo-disintegration. Therefore, it is worth exploring protons as a candidate for the Fly's Eye event.
The same analysis made in section 3 is repeated for a source injecting protons. Figure 6 shows the evolution of the energy of a proton due to photo-pion production versus traveled distance. The median value and the corresponding 68 and 95 % C.L. are shown for four different initial energies (250, 320, 500 and 800 EeV). The method used is the same as the one for the figure 4.a. The energy limits of the Fly's Eye event are also plotted.
One can note at first that, due to statistical fluctuations, at energies corresponding to the Fly's Eye event, 16% of the protons can travel between 10 and 20 Mpc without interaction, and 2.5% even more. Particles injected at higher energies can still arrive at Earth inside the Fly's Eye event energy uncertainty band, with considerable probability form distances of several tens of Mpc. Increasing the injection energy of the proton just steadily increases the distance at which the Fly's Eye event energy is reached (fluctuations included). No particular distance scale emerges as favored, with the possible exception of 20 Mpc, which englobes 95% probability of particles arriving without interaction.
Figures 7 are the proton equivalent to figures 5 but for a source at 20 Mpc. It can be easily seen that, unlike Fe injection, no pattern appears. In particular, it can be seen from figure  7 .b that the only energy scale at which there is a maximum for P T A (0) × P FE (1) is E = 10 20.1 eV, and it is only a few percent, independently of the hardness of the injected spectrum. This a notable difference with Fe injection, which gives a peak around ∼ 320 EeV, consistent with the Fly's Eye event.
Hence, contrary to the heavy nuclei scenario, no obvious specific pattern, natural distance or energy scale arises which can favor the Fly's Eye event at 320 EeV and the simultaneous non-observation of events between 100 and 320 event by Telescope Array. Furthermore, the source should be relatively far away, tens of Mpc, making it more difficult to justify the non-existence of another such source in the field of view of Pierre Auger Observatory. Additionally, if it were indeed a separate kind of source emitting high energy protons, those protons should also be observable at both hemispheres in the general composition measurement at lower energies as a distinct light component. Thus, though not conclusively, protons do not seem to be favored as a candidate for the Fly's Eye event.
Conclusion
Extrapolating current measurements we show that the Telescope Array spectrum by itself cannot reasonably explain the observation of the Fly's Eye event. A secondary component with a hard spectrum (γ EE ∼ 1) is necessary. But this secondary spectrum alone, without considerations regarding the nature of the primary particle involved, does not explain why the Fly's Eye event was detected specifically at that particular energy and why, simultaneously, the Telescope Array detector with 10 times its exposure has not observed anything up to present. In order to try to account for those important features of the observation, we studied the propagation of iron nuclei (Section 3) and protons (Section 4).
Based on those calculations, we show that iron nuclei injected with energies higher than 320 EeV tend to reach this energy after traveling distances between 2 and 3 Mpc, while the masses of the leading fragment range from N to Fe. The consequence is that a source located at this distance and emitting a power law spectrum with cut-off at 10 21 eV, will generate a spectrum at Earth with an excess of events at ∼ 320 EeV, i.e., the observed energy scale of the Fly's Eye event.
However, both experiments have the incoming direction of the event inside their field of view and, therefore, besides the problem of the mere existence of the 320 EeV event, there is the additional problem of understanding why Telescope Array did not made a similar observation despite having ten times the exposure of Fly's Eye. Contrary to normal intuition, we demonstrate in Section 3 that the Fe pile-up results in a combined probability of both results, P T A (0) × P FE (1) which can be as high as 16% for a hard spectrum with γ EE ∼ 1. We must note that a hard spectrum (γ EE = 1) and low cut-off energy (10 21 eV) are in agreement with recent experimental results [39, 40] and that in this context, the small power law index does not have to be necessarily the consequence of the acceleration mechanism, but it can be the result of the interaction of the nuclei with the environment of the source during the process of escape.
The fact that the fiducial source is not seen in γ-rays or Xrays requires that it is transient and that its activity finished long enough in the past, so that at present only the charged particle component is arriving. Furthermore, such a bursting source is probably related to an object that is the product of stellar evolution. The source, due to its spatial and angular location, would only be visible in the Northern Hemisphere, outside the field of view of the Pierre Auger Observatory explaining the fact that there is no counterpart to the Fly's Eye event by that detector.
We also analyzed the case for proton injection at the source. We show that the probability of detecting a particle with Fly's Eye and not with Telescope Array is the highest at ∼ 100 EeV instead of the observed 320 EeV. It seems difficult to justify the existence of the Fly's Eye event with a proton injection and combine it with the null results from HiRes and Telescope Array. Moreover, a source of protons has no reason to be located at only in the Northern hemisphere and at a short distance. Therefore, the Pierre Auger Observatory should have observed it, and the absence of such detection would become even more disturbing, not to mention probably discrepancies with composition measurements at lower energies. Nevertheless, even if the possibility of a secondary pure proton component with a hard spectrum extending at higher energy can not be completely ruled out, such picture is much more complicated to draw as far as neutrino and gamma-rays productions would also be important and can exceed the limits already set on the neutrino and gamma-ray background [40, 41 , and references inside].
